Abstract: Grain size and porosity are two of the key parameters which are strongly affecting and dictating the sensitivity of tin oxide and gas sensors in general. Grain size and porosity are dependent on the firing temperature profile and in this study the emphasis is on investigation of grain size dependence on the sintering temperature. It is well known that with decreasing grain size, gas sensitive materials have larger selectivity, higher sensitivity, the sensor response increases steeply and they are more immune to poisoning. The core of the investigation is to observe how grain size of SnO 2 changes with an increase of sintering temperature and to determine its influence on material porosity. For the first interaction, custom-designed SnO 2 nanopaste has been deposited on sintered alumina (Al 2 O 3 ) substrates using screen-printing technique. Specimens have been sintered at peak temperatures in the range of 800-1500°C. Afterwards they have been characterised with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).
Introduction
Solid state gas sensors are one of the most common types of gas sensors for commercial applications. In particular gas sensors based on semiconducting sensitive materials, such as metal oxides [1] [2] [3] [4] [5] , have attracted the attention of scientific community for the last few decades. Gas sensors based on metal oxides exhibit high sensitivity toward a wide range of gases. They proved to be quite reliable and accurate, thus they have been intensively used in the industry. Finally, fabrication of gas sensors based on metal oxides as sensitive material is relatively cheap and simple compared to other types of gas sensors. Metal oxide gas sensitive materials can be divided into p-type and n-type. The p-type exhibit decreased electrical resistivity when exposed to reducing gases such as carbon monoxide or ethanol, and when exposed to oxidising gases such as oxygen or nitrogen dioxide the electrical resistivity increases. With the n-type semiconducting materials the situation is the other way around: electrical resistivity increases when exposed to reducing gases and when exposed to oxidising gases electrical resistivity decreases. The most popular and most investigated p-type semiconductors are SnO 2 , TiO 2 , ZnO, WO 3 , and In 2 O 3 in pure, mixed or doped form. The most known representatives of n-type are CuO and Co 3 O 4 also in pure, mixed or doped form. In this investigation we will generally deal with p-type semiconducting sensitive material, in particular with SnO 2 .
Material morphology models
Grain size and neck formation strongly influence the material morphology. Depending on the sensing layer morphology, layers can be classified as porous or compact. Illustrations of those two types are presented in Figure 1 [6] .
Compact layers are recognised by the tight connection between grains and absence of cavities and openings. They are accessible to gases only at the bulk surface. Electrical equivalent circuit of compact layer can be described as two resistors connected in parallel ( Figure 2 surface/bulk). Therefore, the sensitivity of compact layers is strongly influenced by the ratio between thickness of electron depleted area (z o ) and the thickness of entire compact sensing layer (z g ).
If the thickness of the entire compact layer is much larger than the thickness of electron depleted area (z g > z o ) sensitivity will be poor. But if the electron depleted area is thick as entire compact sensitive layer (z o = z g ) sensitivity will be significantly increased [6, 7] . On the other side, porous layers show large numbers of cavities and openings and because of that they are accessible to gases in the whole volume. Effective gas active surface is therefore larger than the effective gas active surface of the compact model. In porous layers each grain possesses electron depleted area and unaffected bulk area. The current has to pass through both of them so the electrical equivalent circuit of compact layer can be described as two resistors connected in series. Grain size affects the effective gas active surface of the material. Having smaller grains, the active surface is enlarged and thus the sensitivity is increased owing to the larger area which is affected by the gas.
In reality, owing to the presence of necks, porous layer have additional morphology models which contribute to material behaviour ( Figure 2 ) but still porous layers generally exhibit higher sensitivity, larger selectivity and immunity to poisoning [3, 4] . Schematic representation for different material morphology models with geometry, electronic band and electrical equivalent circuit. Dotted lines are describing depleted areas before the gas exposure [7, 8] 
Specimen preparation
Metal oxide sensitive material can be deposited with several different methods which can be roughly divided in to three main major groups [6, 7, 9] .
chemical vapours deposition (CVD)
2 physical vapours deposition (PVD) 3 screen-printing
Etc.
CVD and PVD techniques are well known and established in the industry but owing to their complexity, CVD and PVD techniques require expensive and complicated equipment. If only a few prototypes are going to be produced, fabrication costs are naturally quite high. Compared to CVD and/or PVD, screen-printing deposition requires simple equipment and the prototype fabrication cost is significantly lower. The biggest difference between CVD or PVD and screen-printing technique is in the achievable layer thickness. Namely with screen-printing technique, layers of several microns are being achieved and they are being considered as a thick film. On the other hand with SVD or PVD technique thin layers (20-1000 nm) can be achieved. Naturally, screen-printing deposition technique has been chosen because it is the most common and well established deposition technique in ceramic technology [3, 5, 6, 7] . Nanopaste has been custom-designed. Commercially available SnO 2 nanopowder and organic binder have been mixed up in a ratio of 60% powder and 40% binder. Binder is composed of a mixture of 2-(2-butoxyethoxy) ethyl acetate, alpha terpineol and ethylcellulose.
Specimens are printed on alumina substrates using De Haart SPSA-10 semi-automatic screen-printing machine. After deposition of SnO 2 nanopaste, specimens have been sintered in box furnace at peak temperatures in range 800-1500°C with 100°C increment steps. Specimens have been sintered for 30 min at peak temperature with heating and cooling rates of 5°C/min. Appearance of specimens is given in Figure 3 .
In can be noticed that regardless of the sintering temperature the colour of SnO 2 nanopaste is not changing. It is evident that SnO 2 specimens sintered at 1400°C and 1500°C are barely visible implying the absence of the SnO 2 . 
Measurements
After the sintering process, cross section of each specimen has been obtained. Using scanning electron microscopy (SEM) cross sections of materials have been characterised, see Figure 4 . From the pictures one can easily notice that with increase of sintering temperature the grain size of SnO 2 is increasing. We can also observe that up to 1200°C material can be consider as porous and thus the model for porous layer can be applied (Figure 1(a) and Figure 2 ). Specimens which are sintered up to 1200°C are therefore recommended to be used as a gas sensitive material. At the specimen sintered at 1300°C it can be noticed that SnO 2 particles are agglomerating and at specimen sintered at 1400°C significantly enlarged SnO 2 particles are present. Specimens which are sintered at 1300°C and 1400°C are showing combined features, they have characteristics from both models, porous and compact and they are not suitable for gas sensing application. The average grain diameters of specimens which are sintered up to1100°C are in nanometre range while the specimen sintered at 1200°C has an average grain diameter in submicron range. For specimens sintered at 1300°C peak temperature, diameter is between one and two microns whereas for 1400°C peak temperature average diameter is several microns. Tables 1 and 2 . From the obtained data it is obvious that there is higher amount of the SnO 2 present in the specimen sintered at 1300°C compared to the one sintered at 1500°C. From that, it can be concluded that most of the SnO 2 nanopaste has split off leaving some trace on the alumina substrate and thus the transparency of the sample, mentioned in Figure 3 , could be explained. 
Conclusion
This research presents the influence of sintering temperature on grain size of SnO 2 and its reflection on material porosity. As discussed in Section 2, for the gas sensing application the most suitable are porous sensitive materials. From the obtained SEM images we concluded that the most suitable sintering peak temperatures are in range 800-1200°C. Specimens sintered in that range exhibit high porosity and small grain size and therefore they are recommended for use in gas sensing applications. Up to1100°C peak temperatures, average grain diameter for is in nanometre range, for 1200°C peak temperature average grain diameter is in submicron range while for 1100°C peak temperature average diameter is around 1 micron. Specimens sintered at 1300°C and 1400°C peak temperatures are not recommended to be used as gas sensitive materials since SnO 2 becomes more compact and the porosity decreases.
Specimens sintered at 1500°C peak temperature are absolutely not usable since there is no SnO 2 left on the substrate. Future research work will be focused on more detailed investigations for sintering range 800°-1000°C and in the final version nanopaste will be deposited on green LTCC tape.
